A simple method of calibrating the amplitude of the direct ballistocardiogram, utilizing a standard external force to the body, is described. Such a method tends to neutralize many of the variables in apparatus alignment and sensitivity, and provides a basis for comparison of amplitudes in the same and different subjects. Normals of different age groups wvere studied and the contrast waith abnormals with known cardiovascular disease is shown.
One of the valid objections to the use of these technics has been the lack of a calibration procedure whereby the records made at one time oIi a subject may be compared quantitatively with subsequent records made on the same subject. The lack of calibration also makes it impossible to compare the amplitudes of the various deflections from subject to subject, although Starr and others have suggested that the matter of amplitude may be of significant diagnostic and prognostic import.''
The initial publications of Dock and Taub-man1 described a pendulum delivering a standard blow to the subject as a method of calibration. Detailed data were tiot presented, however, and subsequent reports by these and other authors have failed to clarify this problem. Moreover, some of the commercially available direction manuals4 for "Direct Ballistocardiographs" suggest only a standard sensitivity of the recording apparatus to a known signal input, for example 1 cm. per 1 mv., as the method of comparative calibration. That this method is invalid will be demonstrated below.
Of the various devices used at present to transform the body motion into recordable electrical energy, the ones most widely used are: (1) the electromagnetic method, (2) the photoelectric method, and (3) the piezoelectric method. Instruments based on these methods are commercially available. Although the different instruments vary to some extent in the type of information given, they all suffer from the same disadvantage of being difficult to restore to a given point of sensitivity, and are thereby prone to give different amplitudes at various times for identical body motion, whether it be recorded as displacement, velocity, or combinations. It should be emphasized that this variation lies in the tranisducer and not in the recorder, per se.
This difficulty arises chiefly from the fact that there is a narrow range of recording fidelity, as regards amplitude, allowable in the positioning of the generating components, that is, in the magnet-to-coil relationship, the photocell-to-light beam portion, and the tension of the ceramic in the piezoelectric method. In other words, a minute change in the relative positions of the generating components will cause major change in amplitudes of the deflections of the ballistocardiogram, though the "string sensitivity" of the recording device remains constant ( fig. 1 ). In addition, when these records are made on a standard electrocardiograph recorder without a preamplification attenuator, the string sensitivity must 732 Circulation, Volume VII, Alay 1953 be kept very low. At a subsequent time it is difficult to restore this sensitivity precisely, and in some subjects changes of 1 mm. per mv. input result in significant change in amplitude. Thus it is evident that even if these instruments are calibrated in absolute units (millimeters per second or millimeters per displacement, etc.), such calibration is valid only if the knife-edge relationship of the generating components of the transducer is constantly maintained. Such precise maintenance is difficult, if not impossible, with the presently available apparatus.
FIG. 1. Tracings on same subject, with string sensitivity constant, showing decrease in amplitude when magnet to coil relationship is altered by onequarter inch. Note that ratio pendulum amplitude to ballistocardiogram amplitude remains constant.
Smith' has recently adapted a bar magnet velocity meter, devised by Perls,6 to clinical ballistocardiography. This device has a much greater tolerance in magnet-to-coil relationship, can readily be calibrated in quantitative units, and has a flat frequency response (amplitude) beyond the range encountered in ballistocardiography. Unfortunately, this device is not yet in use by other investigators or clinicians.
The difficulty in comparison of ballistic amplitudes from subject to subject with the direct technics, lies in the fact that different individuals vary considerably in the factors of tissue elasticity, body mass, and surface contacts, so that the response in terms of body motion to a similar force will vary from subject to subject. It has been our experience that normal subjects will show a wide range of amplitudes if a standard recording sensitivity is used, even with subjects of essentially the same body mass and general build.
The principle of using a standard external force, such as the Dock-Taubman pendulum,' to produce a motion of the body which can be recorded at any desired amplitude, seemed to apply to both of the major sources of calibration difficulties. Thus, recording the motion of the body resulting from a standard force at any desired level, regardless of the actual sensitivity of the recording string, should overcome the transducer problems. Similarly, if the deflection to a standard force is recorded as the same amplitude in different subjects, the differences in body mass and suspension should be equalized. The practical application of this method was, therefore, investigated.
METHOD
The pendulum used by Dock and Taubman' was a padded lead weight of 220 Gm. on a 12 cm. arm with a fixed arc of swing, delivering an impact to the shoulder of the subject. However, the motion at the body resulting from such a tap varies according to the distance of the impacted spot from the longitudinal axis of the body and the torsion thereby produced. This factor was apparently of major importance in early experiments on cadavers in the laboratory, in causing difficulty in obtaining the same deflection from the pendulum on the same subject when repeated at short intervals. The torsional effect also caused "splintering" of the deflection, with resultant difficulty in measurement. It was found that these difficulties were of much less note when the impact was delivered to the head of the cadavers in the longitudinal axis of the body. The point of impact was fixed at approximately the junction of the posterior and middle third of the skull in the midline, to minimize either lateral or dorsoventral torsion.
Since any form of padded lead or wooden weight was found to result in pain to the head of the subject, a less traumatic weight was sought for the pendulum. It was found that a standard rubber handball* of 300 Gm., when affixed to an aluminum tubing arm of one fourth inch diameter, 16 inches in length with a metal thickness of one sixteenth inch, and having a 45 degree are of swing ( fig. 2 ), gave a painless tap to the head resulting in a pendulum deflection of slightly greater amplitude than the I-J * Standard American Athletic Association, 2 inch diameter handballs are manufactured by A. G.
Spaulding Company and are available at most sport goods stores. stroke of the ballistocardiogram of young normal subjects. It was determined that adding weights of 5 to 10 Gm. to the handball had no appreciable effect on the resultant pendulum deflection, but that added weights of 20 Gm. or more resulted in an increase of significant degree. It was also determined that reasonable variations in elasticity of the ball had little significant effect on the deflection, since a handball in use for six months gave the same deflection as an obviously more resilient new ball of the same weight. Two different pendulums, using separate handballs of similar weight, were found to give similar deflections. It was determined that variations of two inches in the distance of the pendulum stand from the head had no significant effect on the pendulum deflection, nor did variations of two inches dorsoventrally of the point of impact on the head. However, if the point of impact was moved laterally, far enough to produce a glancing rather than a "solid" blow, significant variations occurred.
The transducer used for recording the body motions was the electromagnetic device, as previously described by Dock.7 The recording instrument was the multichannel Cambridge Simpliscribe. Simultaneous carotid pulses were recorded, using a glycerine capsule with a crystal transducer. The procedure of calibration on all subjects was as follows:
Using the pendulum described above, with a subject at standard conditions of rest on the table, the pendulum was adjusted to the head so that with the weight hanging plumb, it just touched the scalp. If hair was present, light finger pressure was used to move the ball into juxtaposition with the scalp. The pendulum arm was aligned with the nose to achieve centering in the sagittal plane. The head support consisted of a notched wooden block lined with foam rubber of one-inch thickness. This was utilized to prevent head turning and alteration of the point of impact. The feet were supported in a similarly notched and lined block, for the sake of comfort and to maintain the transducer in relatively constant relationship. The effect of the lining and table surfaces will be discussed in a subsequent communication. With the recorder running, the pendulum was released manually from the 45 degree position and timed to strike in late diastole, at which time the body motion is minimal. With practice this can be accomplished readily. Only those deflections occurring at such times were measured. The factor of careful timing is less important with subjects having low-amplitude ballistocardiograms, because the pendulum force is considerably greater than force of body motion. The sensitivity of the recorder may then be adjusted to give any desired amplitude to the deflection resulting from the pendulum force. It has been found that with normal subjects, when the pendulum deflection is recorded as 20 mm., the amplitude of the ballistocardiograph complexes in normal subjects will be at a convenient range.
RESULTS
1. The first problem was to determine the validity of this method as a means of setting the sensitivity of the apparatus to a given level, so that the ballistocardiograms of the same individual could be compared quantitatively at different times. If the method were valid, then the ballistocardiograms of normal subjects under standard conditions should have approximately the same amplitude from time to time.
Using the technic described above, ballistocardiograms were made on six normal subjects on two days, at least one week apart. They were made one hour or more after the last previous meal, and after a period of 15 minutes' rest on the table. No smoking was allowed during this period. The records were made during quiet respiration. Tracings were made at a recording sensitivity such that deflection subsequent to the pendulum force (pendulum deflection) was approximately 20 mm. amplitude. The ballistic systolic waves were then measured for seven consecutive cardiac cycles, and the range and average of each recorded. An average of three satisfactory pendulum deflections was taken as the pendulum deflection. If the pendulum deflection was not exactly 20 mm., each of the systolic waves (HI, IJ, JK) was then "corrected" to a pendulum deflection of such an amplitude by a proportional equation relating the measured pendulum deflection and a measured ballistic deflection to the desired pendulum deflection. method of comparison of ballistocardiograph amplitudes from subject to subject. It would seem logical that if the sensitivity of the entire ballistic apparatus, including the body mass and its suspension, the transducer and the recorder be such that a standard external force (pendulum blow) results in a deflection of the same amplitude in different subjects, the (See table 1 .) The correction is allowable, since the actual recorded amplitude of both the pendulum deflection and the ballistocardiographic deflections depends upon the string sensitivity of the recording apparatus, and will retain a constant ratio at different levels of sensitivity ( fig. 3 ). Table 1 illustrates the similarity of amplitudes of the ballistic waves for each of the subjects from one date to another.
2. The second aspect of the study was to check the validity of such calibration as a internal circulatory forces producing the complexes of the ballistocardiogram should be roughly comparable in those subjects.* If this be true, then from the data assembled by Starr,8 one would anticipate that the ballisto-* Such comparison is affected in the present study by the fact that the frequency response curve of the apparatus used is not flat within the range of frequencies recorded. In addition, the augmentation or resistance to circulatory forces by body oscillation distorts this relationship. As improved technics are developed the relationship should be more precise. cardiograms of young normal subjects would have a relatively narrow range of amplitudes and would be of greater amplitude than ballistocardiograms of subjects with myocardial disease; similarly, ballistocardiograms of subjects with normal cardiovascular systems but in the older age groups would be of only slightly smaller amplitudes than records of young deflection amplitude. Calculated as: Pendulum deflection amplitude Rati IJ amplitude This is in essence an expression of the percentage relationship between the pendulum deflection and the ballistic deflection. It was adopted for convenience, since it allows FIG. 3. Subject R. G. T., 24 year old normal male. Records were made on separate occasions. The output of one transducer was recorded on three channels, each with a different string sensitivity. Note that the pendulum deflection amplitude ratio to ballistic deflection amplitude remains constant at different levels of string sensitivity and on separate occasions. normal subjects. Table 2 shows the amplitude of the MJ wave of the ballistocardiogram of 30 subjects recorded and calibrated as described above. Ten of the subjects were normal medical students and house officers 30 years old, or younger. Ten of the subjects were persons in the age group of 30 to 64 years, with various diagnoses but without any evidence of cardiovascular disease after exhaustive study. Ten of the subjects had definite evidence of heart disease ( fig. 4) . Figure 5 is a distribution graph showing the ratio of the IJ amplitude to the pendulum division of a smaller number into a larger. The ballistic waves could as readily be expressed as per cent of the pendulum deflection.
Each of the IJ amplitudes represents the average of the extremes of seven consecutive complexes, measured visually to the nearest 0.5 mm. It will be seen that all of the young normal subjects had ratios within a relatively narrow range from 1.1:1 to 1.8:1, while those subjects with definite cardiovascular disease had ratios from 2.2: 1 to 11.4: 1; 50 per cent of these subjects had ratios greater than 4:1. The ratios of the normal subjects of the older age groups were all 3:1, or under. 
DISCUSSION
The data presented above suggest that it is possible, by the use of a standard external force, to overcome the difficulties of transducer adjustment so that quantitative comparison Rh.H.D. = Rheumatic heart disease. M.S. = Mitral stenosis. may be made of the ballistocardiograms of a subject made at different times. It will be noted that the maximal deviation of the IJ amplitude of any subject from day I to day IL is 11 per cent. This difference is probably a Name Age result of several factors, including slight variations in the timing of the pendulum blow so that the force was augmented or resisted slightly by the oscillation of the body, error in measurement, and slight change in the state of the circulation. One would not anticipate that under the conditions of the test, the circulation would be precisely similar from time to time.
standard external force as an index to the circulatory force is valid. No attempt was made to set up any range or standards of normality from this preliminary study, which is concerned only with testing the validity of a principle. It seems reasonable, Of greater interest is the result of the comparison of ballistic amplitude in the different subjects. It was somewhat surprising to note the rather narrow range of amplitude in the young normal group, since the weight, height, and body build varied greatly in these subjects.
The fact that the subjects with cardiovascular disease had much smaller amplitudes than did the normal subjects of the same age groups would suggest that the principle of comparison of the amplitudes of the ballistocardiograph complexes to the amplitude produced by a however, to assume that from such a method of calibration a general guide to relative ballistic amplitude can be obtained, increasing thereby the value of the direct methods of recording the ballistocardiogram. Any clinician using such technics should cheek the ratio of pendulum deflection amplitude to ballistic amplitudes on a number of normal subjects with his own apparatus, before attempting to interpret records from possibly normal subjects. It should be further noted that ballistocardiography is as yet in its infancy, and that the direct method is still in utero. Great caution should be used in clinical application. SUMMARY 1. A modification of a method by Dock and Taubman for calibration of ballistocardiograms recorded by direct methods is described.
2. Data to support the validity of the method as a means of restoring apparatus sensitivity to a desired level are presented.
3. Data indicating that the use of such technic of calibration allows a quantitative comparison of ballistocardiograms from subject to subject are presented. ADDENDUM Although the Dock electromagnetic apparatus was used in recording all tracings reported here, experience with a photoelectric device suggests that the technics described are applicable to it as well. It is reasonable to assume that other transducers would give similiar results.
SuwI RIo ESPAROL
Un metodo simple para calibrar la amplitud del balistocardiograma directo utilizando una fuerza externa al cuerpo standard, se describe.
Este metodo tiende a neutralizar muchos de los variables en la alineaci6n y sensitividad del aparato, y provee una base para la comparacion de las amplitudes en el mismo y diferentes sujetos. Normales de grupos de diferentes edades fueron estudiados y el contraste con los anormales con enfermedad cardiovascular conocida se demuestra.
